Within the context of the National Human Exposure Assessment Survey (NHEXAS), metals were evaluated in the air, soil, dust, water, food, beverages, and urine of a single respondent. Potential doses were calculated for five metals including arsenic. In this paper, we seek to validate the potential dose calculations through spatial analysis of the data. Others report elevated arsenic concentrations in biological and environmental samples from residents of mining towns, particularly Ajo, Arizona. These reports led us to expect potential arsenic doses above the 90th percentile of the NHEXAS exposure distribution to be from residents of mining communities. Arsenic dose was calculated using media concentrations, time activity patterns, and published exposure factors. Of the 179 homes evaluated, 54 were in mining communities; 11 of these were considered separately for reasons of population bias. Of the 17 homes with the greatest potential arsenic doses, almost half (47%) were in mining communities. We evaluated the potential doses by media from nonmining and mining areas using the nonparametric Mann±Whitney U test. Statistically significant ( p = 0.05) differences were found between mining (n = 43) and nonmining sites (n = 122) for total exposure and for each of the following media: house dust, yard soil, outdoor air, beverage consumed, and water consumed. No differences were found in either food or indoor air of mining and nonmining areas. We eliminated outliers and repeated the test for all media; significance increased. Dietary, organic arsenic from fish consumption contributed to elevated arsenic exposure among people from nonmining communities and acted as an initial confounder. When controlling for fish consumption, we were able to validate our potential dose model using arsenic, particularly in Ajo. Further, we identified three mining communities lacking elevated arsenic exposure. Additional work is needed speciating the arsenic and evaluating health risks. The utilization of Geographic Information System facilitated spatial this project and paves the way for more sophisticated future spatial analyses.
Introduction
The National Human Exposure Assessment Survey (NHEXAS) is a multimedia, multipathway survey consisting of three separate studies (Sexton et al., 1995a,b) . One study examined temporal variability in exposure among inner city residents (Buck et al., 1995) . Two of the studies employed a population-based probability design over large areas [Environmental Protection Agency (EPA) Region 5 (Pellezzari et al., 1995) and the state of Arizona (Lebowitz et al., 1995) ]. Defining the human exposure distribution and identifying the 90th percentile of exposure to selected metals, pesticides, and volatile organic compounds is the overarching goal for these studies. Each study gathered general information from subjects through questionnaires, time activity diaries, environmental (air, soil, house dust, food, beverage, tap and drinking water) and biological sampling to achieve the study goal.
A separate paper in this volume ) models daily human exposure [or potential dose (Environmental Protection Agency, 1997)] for lead, arsenic, cadmium, chromium, and nickel. This paper will evaluate the plausibility of the modeled daily exposure (potential dose) for arsenic as generated by O'Rourke et al. (1999) . Our null hypothesis states there is no difference between arsenic exposure in copper mining communities and arsenic exposure in the nonmining regions of Arizona. We evaluated this null hypothesis using Geographic Information System (GIS) applications and rudimentary statistics.
We selected arsenic as a test case for the exposure assessment model since previous studies detected elevated urinary arsenic in mining communities (Morse et al., 1979; Hartwell et al., 1983) . Numerous metals (Pb, Zn, Fe, Mn, Co, Cr, Au, Ag) are associated with copper in porphyry deposits, yet arsenic is not found in economically exploitable concentrations (Unites States Geological Survey and Arizona Bureau of Mines, 1969) . However, arsenic may be common in adjacent volcanic sequences intruded by some ore bodies. The state contains 11 open pit mines with expected production in excess of 1,000,000 tons of copper over the life of the mine (Unites States Geological Survey and Arizona Bureau of Mines, 1969; Kieth, 1974) . Environmental samples may contain variable concentrations of contaminant; contaminant load may vary with mining activity. Mining activity varies with the price of copper in the global marketplace. Mine tailings found adjacent to all open pit mines, may contain some of these metals. Surface and ground water in contact with ore bodies or tailings may leach arsenic from the tailings and enrich water with metals including arsenic. Copper smelters were located near six of these large mining complexes; four were closed in the 1970s and 1980s rather than implement costly air pollution control strategies. Two smelters remain operational with installed air pollution control devices.
Evaluation of exposure to arsenic is complex because valence states differ and the element occurs in organic and inorganic forms. In general, organic arsenic is not viewed as a health threat; whereas, ingested doses of inorganic arsenic exceeding 60,000 ppb can cause death. Low doses of inorganic arsenic (300 ±30,000 ppb) are implicated in gastrointestinal pain, vomiting, and diarrhea (Agency for Toxic Substances and Disease Registry, 1993) . Ingestion causes dermal changes (hyperkeratosis, hyperpigmentation) and possible anemia. Inhalation may be associated with mild respiratory effects, potential cardiovascular injury, neuropathy, encephalopathy, and potential miscarriage. Further, inhalation of arsenic is clearly associated with elevated risk of lung cancer among the occupationally exposed and for those living near smelters (Agency for Toxic Substances and Disease Registry, 1993) . Enterline et al. (1987) report lung cancer associated with air exposures above the Occupational Safety and Health (OSHA) standard of 10 g/m 3 . A general population exposed to chronic low level (0.3 g/m 3 ) contact with airborne arsenic experienced an elevated rate of lung cancer (Buchet and Lison, 1998) . In the U.S., the average adult is exposed to total arsenic (organic and inorganic) at a rate of about 50 g /day from all sources (Agency for Toxic Substances and Disease Registry, 1993) .
Methods

NHEXAS
Arizona employed a population-based probability design and enrolled 1225 households (see Robertson et al., 1999) using the NHEXAS Descriptive Questionnaire. Latitude, longitude, and Universal Transverse Mercator (UTM) coordinates were recorded at each home using the Magellan1 Trailblazer, a global positioning system (GPS) instrument. Of the enrolled homes, 179 were targeted for detailed multianalyte, multimedia sampling (Stage 3). The study design, questionnaires employed, field and laboratory analytical techniques were previously presented (Lebowitz et al., 1995; O'Rourke et al., 1999) .
We used preliminary data from 176 (three unresolved) homes for this preliminary paper. Environmental samples were forwarded to Battelle Memorial Institute (Columbus, OH) for Hydride Generation-Atomic Absorption Spectroscopy (HG-AAS) analysis. Initially, all samples were extracted in nitric acid. Sample extract aliquots were prepared for arsenic analysis by adding ascorbic and hydrochloric acid to the sample aliquots and allowing them to react for at least 45 min. The AAS instrument was calibrated using a blank and five calibration standards. The concentration of arsenic in the sample aliquots was determined from the linear regression calibration curve.
Questionnaires provided information essential to evaluate exposures. The NHEXAS questionnaire consisted of eight component questionnaires; portions of the Descriptive and Baseline questionnaires, Diet and Time-Activity Diary were used in this analysis. Descriptive and Baseline questionnaires were administered by interviewers; thè`d iaries'' were self-completed. Gender and ethnicity were retrieved from the Descriptive questionnaire; age from the Baseline; amount of tap and drinking water consumed were taken from the Diet Diary. Time allocation (indoors and outdoors) was derived from the Time-Activity Diary.
Food and beverage consumptions were calculated based on the weight and volume of material collected as 24-h duplicate diet and beverage samples. Food and beverage samples were sent by overnight express, on ice, to the Food and Drug Administration (FDA) for analysis. Samples were homogenized and aliquoted for various evaluations. Metal aliquots were evaluated by Inductively Coupled PlasmaMass Spectroscopy (ICP-MS). Water samples were wrapped individually in bubble wrap and sent to an EPA contract lab by overnight express, on ice, for analysis. Samples were analyzed according to EPA Method 200.8 using ICP-MS.
We used the media concentrations in conjunction with NHEXAS questionnaire responses and standard exposure factors (Environmental Protection Agency, 1997) to determine preliminary total exposure distributions for the arsenic. Some values were absent in the concentration matrix due to sample loss or a measure reported as``below detection limit'' (BDL) of a method. Median values were used to replace values``missing'' due to sample loss. Two methods were employed to replace BDL values. If analyte concentrations were measurable for fewer than 10 samples, then half of the minimum detection limit (MDL) was used to replace the BDL value. To calculate replacement values for samples BDL with more than 10 measurable concentrations per analyte, log-probit analysis was used as described by Travis and Land (1990) and Helsel (1990) . This assumes a lognormal probability distribution of the environmental concentration data (detects and nondetects). Equidistant points comparable in number to BDL samples are plotted along the BDL portion of the total regression line, and corresponding values are assigned to the data matrix to replace the BDL values.
Time ±Activity diary information from each subject was essential. During the sampling week, primary respondent recorded time spent in seven locations each day. Any time not accounted for between 9:00 P.M. and 5:00 A.M. was coded as``indoors at home''. With this correction, an average of over 23 h /day were recorded across the population. Time spent``in transit'' was considered time spent outdoors. In these analyses, mean daily percentages of time expenditure``indoor'' (T i ) and``outdoor'' (T o ) were derived. These time values are used in conjunction with air concentrations and breathing rates to calculate exposure of respondents to metals in air. We assumed standard light activity breathing rates (B c ) of 7 m 3 /day for a child, 13 m 3 / day for a female adult, and 17 m 3 /day for an adult male. Therefore, given indoor and outdoor metal concentrations (M i and M o , respectively), then daily time-weighted average inhalation values (E a ) for any individual can be expressed as follows:
Exposure through ingestion utilized a Diet Diary kept by each primary respondent for 4 consecutive days. Subjects recorded the volume and type of water consumed for both drinking water (L d ) and tap water (L t ). Across the population,``drinking water'' could come from many sources (i.e., cisterns, multiple brands of bottled water, filtered or treated tap water, etc.). We defined``tap water'' as water delivered through the plumbing system of the home. Many people consume nontap, separate source drinking water. The arsenic concentration in each water source was measured (M d and M t , respectively). Ingestion of arsenic through water was calculated by multiplying the contaminant in the water by the volume consumed for each water type. The calculated water exposure for each source is then summed to yield the total ingested arsenic exposure through water (E w ).
Duplicate diet samples were evaluated in the laboratory prior to shipment for individual and total food weight (I w kg/day) and total beverage volume (I v kg/day). FDA Laboratories measured the concentration of each arsenic in homogenized food sample (M f ) and beverage sample (M b ). Arsenic exposure through consumed food and beverage (E c ) is expressed as:
Soil and house dust are common sources of accidentally ingested contaminant. E e , calculated below, represents the contaminant ingested from these sources. We assumed intentional or unintentional ingestion through dust or soil at the rate of 10 g/day for a child known to consume pica; 100 ±400 mg/day for the typical child; and 50 mg /day for adults (Environmental Protection Agency, 1997) . None of the children in this survey were known pica consumers. Children were defined as anyone under the age of 18 years, and intentional ingestion was prorated proportionally by age. Youngest children were attributed the greatest consumption and oldest children the least. Ninety to ninety-five percent of accidental consumption will be made up of silicon, oxygen, and potassium, the most abundant crustal elements. M h represents the concentration of arsenic found in the house dust and M s represents the concentration of arsenic in soil. The media-specific, age-specific consumption rates are calculated for each environment:
Values are weighted by the contact duration outside (T o ) and inside (T i ) as derived from the time activity questionnaires (as for air). The sum of these time-weighted products represents the portion of exposure from nonfood consumption (E e ). E e g=day X n age j1
Total daily exposure (E t ) for each participant is the sum of these various exposures.
This simple model does not incorporate any weighting factors related to the pharmacokinetics of exposure route of entry, or any potential differential uptake associated with disease states of any of the individuals. Further, it represents the exposure not of the Arizona population, but of the study (Stage 3) population (see Method above).
In this paper, we have taken the calculated exposure values for arsenic and are testing the null hypothesis. Exposures (potential doses) were calculated using SPSS1 Version 4.0 for UNIX. Exposure frequencies were run for people in all STAGE III locations (n=176; three missing), those in areas not influenced by mining (n =122), those in mining towns (n =43) using local water sources, and those living in the Verde Valley (n =11), an area with past mining and that receives separate coupons for bottled water from the local water company. Differences in population exposures were evaluated using the Mann ± Whitney U nonparametric test (SPSS1) as recommended (Helsel, 1990) for censored data. We examined differences among all homes in mining and nonmining communities. Next we evaluated the effects of outliers by excluding the high end (upper fifth percentile) of each distribution (mining:nonmining) as a sensitivity analysis. We plotted total exposures using the GIS coordinates obtained during sampling and Arcview1 Version 3.0a. Table 1 contains arsenic concentrations for each of the media sampled across Arizona. Concentrations for water, food, beverage, dust, and soil are ranged in parts per million ( ppm). In the air, arsenic concentrations were found in parts per billion ( ppb).
Results
Time activity diaries, exposure factors, and media concentrations, were used to generate a preliminary exposure ( potential dose) matrix. The matrix was examined by individual media and across the entire population or population subsets. Table 2 contains the media-specific doses for arsenic within geographic constraints (AZ, nonmining districts, mining districts, and the Verde Valley). When airborne concentrations were modeled to calculate potential dose, they reach 1±2 g /day. At the 90th percentile, the dose from air makes up less than 5% of the``t otal'' potential dose for a day. In mining communities, soil and dust account for 5% ±15% of the total exposure. More than 80% of the total exposure is contributed by water, beverages, and food.
The Agency for Toxic Substances and Disease Registry (ATSDR) suggests that people are generally exposed to about 50 g of arsenic each day (Agency for Toxic Substances and Disease Registry, 1993). The 90th percentile for the state-wide potential dose distribution was 41.6 g/ day (Table 2) . When mining areas are excluded from the distribution, that potential dose dropped to 33.5 g/day (Table 2 ). When communities with large open pit mines were examined exclusively, then the daily arsenic dose increased to 69.2 g/day ( Table 2 ). None of the potential doses in Table 2 are normally distributed. We evaluated the potential doses by media from nonmining and mining areas using the nonparametric Mann±Whitney U test. Statistically significant ( p = 0.05, two tail) differences were found between mining (n = 43) and nonmining sites (n = 122) for the following media: house dust, yard soil, outdoor air, beverage consumed, water consumed, and total exposure. No differences were found in either food or indoor air of mining and nonmining towns. Next, we evaluated method sensitivity to outliers by limiting data points to those below the 95th percentile for each location (mining and nonmining). We repeated the test for all media. Significance increased for each medium evaluated. Acceptance or rejection of the null hypotheses remained the same across all media. These results indicated significantly greater potential arsenic doses in communities containing mines.
The Verde Valley in Coconino County was considered separately. Transport of arsenic from tailings of the United Verde Mines in Jerome allegedly contaminated the ground water throughout the valley. Long ago, routine tests on the water system in the Verde Valley indicated elevated arsenic levels. As a result, residents were instructed not to drink the water, and the local water company provided coupons for bottled water to all municipal water company patrons. This fore-knowledge altered the behavior of the residents. In the Verde Valley, doses at the 75th and the 90th percentile were not as great as in other mining communities (59.3 g/day), yet they were elevated above the ATSDR average suggesting enhanced exposure. The lower doses might result from a low sample number (n = 11), or perhaps because the local water company provided coupons for bottled water. Water exposures in Table 2 suggested reduced exposure to arsenic from the use of bottled water. Diet diary records reported nearly exclusive use of bottled water for drinking. We have no information regarding the use of tap water for food preparation, beverage preparation, or cleaning of dishes. Next, we evaluated the spatial distribution of homes with arsenic doses above the 90th percentile (17 homes) across the state (Figure 1 ). As expected, many of the high-end doses were found in mining towns. Yet, almost half of the high-end doses were found in Maricopa County, far from mining activity. These homes were built on land once farmed for cotton. We speculated that, prior to development, arsenate pesticides might have been used in the area. To verify this explanation, we examined the potential dose in soil and dust. No increase in arsenic exposure was evident in these media making arsenic from pesticide use unlikely (Table 3) . Tables 3 and 4 were assembled to examine potential doses from specific media for each household in nonmining and mining regions, respectively. Concentrations of arsenic in water (Table 3) were elevated in only one of the Maricopa homes. The greatest increase in potential dose was found in food. Seafood is known to contain elevated quantities of organic arsenic. We returned to the dietary records provided by each subject and discovered that eight of nine primary respondents (Table 3) reported eating fish or seafood during the sample week. Three quarters submitted fish or seafood in the duplicate diet sample sent to FDA for analysis. Of those eating fish, 75% had total exposures exceeding 100 g/day. The organic arsenic in the diet of fish eaters is not thought to pose a health risk (Agency for Toxic Substances and Disease Registry, 1993) . The subject in the ninth home did not consume fish, but had greater than average concentrations of arsenic in the tap water from a private well. Water values from this home were below the current state and federal drinking water standard of 50 g/l.
The standard is currently under review; proposals to change the arsenic standard range from 1 to 20 g/l.
People living in mining communities (Table 4) experienced lower doses than people living in nonmining regions. When controlling for fish consumption, potential doses range from 40 to 90 g/day in mining communities. However, water was the primary dose source and it may contain inorganic arsenic. Doses in this range may pose health hazards if the exposure was from inorganic arsenic exclusively. The arsenic in the media was not speciated in this survey. Figure 2 illustrates the spatial distribution of potential doses above the 90th percentile for homes while accounting for fish consumption. The map clearly demonstrates the association between the daily total potential dose of arsenic and some of the largest mines within Arizona. Negative results are also apparent. Clifton, Morenci, and Bisbee all contain open pit mines, but they lack elevated exposures. Samples from these three cities contained very low concentrations of arsenic in the water supply. Mining liberates arsenic from rock material; it does not produce it. Some regions may have naturally elevated arsenic, while other mining areas do not. Further investigation of this anomaly is necessary.
Discussion
Mining activity, and elevated arsenic concentrations from environmental and biological media are clearly associated (National Academy of Sciences, 1977; Morse et al., 1979; Hartwell et al., 1983) . Morse et al. (1979) investigated children's arsenic exposure as detected in urine and hair samples. He compared the arsenic biomarkers with the arsenic concentrations of the dust and water collected in the community of Ajo, Arizona. When the initial study was conducted (in the 1970s), the copper mine was active and the smelter was operational. A test of the municipal water supply revealed an arsenic concentration of 0.09 mg /l (or 90 g/l). House dust concentrations averaged to 342 g/g. In comparison, we evaluated six NHEXAS Stage III homes in Ajo; tap water concentrations for arsenic averaged 30.6 g/l (n= 6) and dust concentrations were 8.0 g/g. None of the drinking water concentrations exceeded current standards.
In Ajo, the mine and smelter were closed more than 15 years ago. Three of the six primary respondents from Ajo had total exposure to arsenic in the upper 10% of the exposure distribution. These daily doses of arsenic were 59, that water may have been added to food during preparation. Although the water met state and federal standards, consumption through multiple media may cause elevated daily doses above the 90th percentile (see Table 4 , Household Identification Numbers (HHIDs) beginning with 51xxxx). Such a proposed compounding effect was evident in the samples collected in the Verde Valley (Table 2 ). Water and beverage were both composite categories in the dose calculations. The water category combined tap and bottled water consumed by household residents. Except for the greater Phoenix and Flagstaff areas, ground water is commonly used throughout the Arizona. Contamination of ground water is largely due to inorganic arsenic. From the food diary, we know that the beverage category included fluids mixed at home with tap water, locally produced beverages, and beverages prepared outside the community and imported. Some organic arsenic may be found in beverages. However, the similarity in arsenic doses of the water and beverage suggests the dominance of local water in the preparation of beverages.
The dose contributions from water and beverage were associated with the largest mines in the state for half the cases above the 90th percentile. Elevated potential dose levels in Pima, Pinal, Gila, and Yavapai county were located near copper deposits, in the path of tailings dust, or near water moving through tailings. Fish consumption accounted for all, but one high-end arsenic dose in Maricopa County. When the food component was removed, potential dose dropped below 25 g/day. The remaining Maricopa case was located in Buckeye, Arizona on recently deposited alluvium. The area was actively farmed and the home had a rarely tested private well. Water had elevated arsenic concentrations at this location. Beverage consumption, independent of water dose, appeared to be the cause of elevated arsenic dose in Mohave County.
In northern Chile, estimates of elevated inorganic arsenic concentrations have varied through time (100 ±570 g /l). The resident population was chronically exposed to arsenic through drinking water. Increased standardized mortality rates for both lung and bladder cancer are evident in the area (Smith et al., 1998) . Today, water in the regions contains $40 g of arsenic per liter of water. The authors conclude with the statement that high priority should be given to evaluating health effects in regions where inorganic arsenic concentrations in water approach 50 g/l. This admonition would clearly apply to some Arizona mining towns.
Our assessments indicated that mining communities remained vulnerable to arsenic exposures. Assuming exposures in mining towns were to inorganic arsenic, then local people may be at risk for health effects using values reported by Agency for Toxic Substances and Disease Registry (1993) . If 60,000 ppb (60 ppm) can cause death, then at least five people in the upper 10% of the exposure distribution are at risk. If 300±30,000 ppb (or 0.3 ±30 ppm) cause gastrointestinal distress, vomiting, and diarrhea, then eight of eight nonfish eaters are at risk. However, the assumption that mining towns have inorganic arsenic in their water may be poor. For instance, algae in the water lines might be generating harmless organic arsenic. Clearly further work is needed in these communities.
In addition to the increased health risks presented above, two research groups suggest that there may be associations between very high arsenic exposure and diabetes mellitus (Lai et al., 1994; Rahman and Axelson, 1995) . This risk assessment survey identifies arsenic as a potential problem in some Arizona communities. Now we must determine whether the health of the residents is at risk by speciating arsenic in these communities and evaluating health status. Then, if there is a risk to health, we must mitigate that risk.
